This paper describes a collaborative project between classicists, quantitative biologists, and computer scientists to apply ideas and methods drawn from the sciences to the study of literature. A core goal of the project is the use of computational biology, natural language processing, and machine learning techniques to investigate intertextuality, reception, and related phenomena of literary significance. As a case study in our approach, here we describe the use of sequence alignment, a common technique in genomics, to detect intertextuality in Latin literature. Sequence alignment is distinguished by its ability to find inexact verbal parallels, which makes it ideal for identifying phonetic resemblances in large corpora of Latin texts. Although especially suited to Latin, sequence alignment in principle can be extended to many other languages. keywords intertextuality; sequence alignment; Latin; epic; computational biology; natural language processing
INTRODUCTION
The current project, directed by the coauthors, grew out of shared interests in classical intertextuality dating back to a seminar taught at Dartmouth College in 2009. The idea for a collaborative and interdisciplinary study of intertextuality was first discussed by us in January 2014, inspired locally by Dexter's work in computational biology and globally by the rise of the Digital Humanities and "big data" approaches to cultural study. The project has since received support from the Neukom Institute for Computational Science, the Office of the Provost at Dartmouth College, and the American Council of Learned Societies. The core of the project team includes faculty and graduate students at Dartmouth College, Harvard University, and other institutions, but crucial contributions have also been made by other collaborators, including undergraduate research assistants as well as high school students and teachers.
The impetus for bridging the disciplines of biology and literary study is both cultural and methodological. The cultural motive derives from the familiar analogies often drawn between literature and living organisms, whether the use of trees or woods as a metaphor for literary works and traditions, or the imaginative casting of poems and books as living embodiments or descendants of their author. Such analogies have a long pedigree and have taken many different forms: one famous instance occurs at the end of Ovid's Metamorphoses , when the poet conceives of his own life as inextricably entwined with the life of his epic, a work which itself thematizes the mutually implicated transformation of bodies and words. Although the comparisons across these two domains are of countless types and have distinctive local functions in the particular works, collectively they invite critics to scrutinize the basic analogy: in what way can literature and living organisms profitably be linked?
At this point theoretical and methodological considerations enter the picture. The recent explosion of work in the study of biological and, in particular, evolutionary processes has exerted an effect on literary study too: from cognitive humanists viewing literature as a revealing expression of evolutionary psychology (Winter 2012 issue of Critical Inquiry ), to researchers using phylogenetic analysis to generate stemmata of manuscripts (Howe and Windram, 2011) . Although diverse in their humanistic aims, these applications of biology tend to mirror one of two principal approaches that have long been characteristic of literary study, historicism and formalism. The former regards literature as distinctive evidence for mental and social phenomena; the latter, showing greater affinity with the textlife analogies above, regards literature primarily in terms of its shapes, sounds, and resemblances. As has often been pointed out, however, this distinction is to some extent an artificial one, and criticism in practice frequently even necessarily traffics between both modes. It remains to be seen whether the productive dialogue between historicism and formalism can have any meaningful equivalent in the manifold evolutionary approaches to literature, a question that can perhaps only be answered once the field has had considerably longer to reflect on developments that have been as rapid as they are farreaching.
With that broad brush sketch of the state of the discipline in mind, the goals of this project presentation are rather more modest and specific. The main object of the presentation is to describe a tool we are currently developing for intertextuality detection that exploits a technique from computational biology known as sequence alignment. On analogy with the binary characterization of literary criticism above, our enhancement of intertextual search methods especially focused on the arrangement of characters in words has more in common with formalist than historicist criticism. However, this consideration should not be taken as a commitment to formalism tout court , since newly discovered intertextuality can and should be put in the service of historicist interpretations.
Although the tool itself represents only one part of the project's work, it exemplifies our broader intellectual motivation and aims. After a brief contextualization of the approach in relation to other computational studies of culture, we explain the methodology of sequence alignment, and discuss its initial application to intertextuality in Latin epic poetry and tragedy.
I From Big Data to the Single Datum

Humanistic Applications of "omics"
A glance at any popular science publication will remind one that biology is in an age of "omics". Genomics, of course, most famously but also transcriptomics, proteomics, metabolomics, and so on. The rise of "omics" has been driven by technologies (such as nextgeneration sequencing of DNA and RNA) that allow many measurements to be taken quickly and in parallel, and has necessitated the development of computational techniques that enable researchers to pinpoint features of interest in vast data sets. Although computational biology operates at a larger scale than classical philology for instance, the human genome contains approximately 3.2 billion bases, equivalent in length to about 9,000 copies of the Aeneid a central premise of our work is that bioinformatics has much to offer digital Classics. Our aim in this section is to offer some very brief reflections on the types of humanistic questions researchers outside of Classics have addressed using highthroughput methods, and then to introduce our own humanistic appropriation of one particular method.
An outstanding example of such an interdisciplinary approach to culture is a 2011 paper by Erez Lieberman Aiden, JeanBaptiste Michel, and colleagues in Science , which reported a quantitative analysis of the whole of Google Books, roughly 4% of all text ever printed (Michel et al. , 2011) . Their method, which they dubbed "culturomics", is to trace the frequency of "ngrams" sequences of "n" characters or words across time. Applications of the method have included spotting trends in linguistic changes over time, pinpointing moments of concentrated interest in some topic or other, and identifying periods of censorship in cultural history.
Big data approaches such as culturomics have had great success in illuminating largescale linguistic trends. A thornier issue has been the integration of such methods with more traditional modes of literary criticism. To this end, a particular challenge has been the computational identification of local points of interest within texts, which can then stimulate further critical inquiry. Biologists wrestle with similar problems routinely. In a highthroughput biological experiment, it is usually insufficient just to know that "something is different" between the experiment and control groups; much more useful is (for example) a list of specific genes differentially expressed between the groups and information about the functional or evolutionary associations of those genes. As such, a fundamental computational task in genomics is the identification of similar ("homologous") gene sequences. Biological homology is never exact, however, and searching for identically matching sequences, although computationally easy, is therefore not useful. The study of literary intertextuality confronts an analogous problem: exact repetition of phrases constitutes only one (especially overt) class of intertextuality, and an ideal computational method should be sensitive to less obvious resemblances. In the next section, we describe how sequence alignment, now universally employed for finding gene homologues, can be applied to this problem.
Sequence Alignment and Fīlum
Sequence alignment is a method to compare two strings of arbitrary characters on a characterbycharacter basis. Implementations of sequence alignment such as BLAST (Basic Local Alignment Search Tool) are used throughout biology to search large databases for homologous gene sequences (Altschul et al. , 1990) . "Alignment" means to position the strings sidebyside so that they match at as many positions as possible. The metric indicating the similarity or dissimilarity between pairs of aligned strings is known as the "edit distance". This score equals the minimum number of singlecharacter changes (additions, deletions, or substitutions) required to convert string A into string B. Applied to natural language texts, the edit distance quantifies similarity between words or phrases. For example, the edit distance between A = " arma virumque " and B = " arma virique " is 2 because two changes (substitution of "i" for "u" and deletion of "m") are required to turn A into B. In this case, string A is the famous first two words of Vergil's Aeneid , while string B is a similar phrase used by a later Roman epic poet, Silius Italicus, to allude back to the Aeneid ( Punica 6. 6; Landrey, 2014) .
In literary study, the diversity of intertextual connections is a major challenge for any method of detection, whether traditional or computational: within the full range of intertextuality, quotations (typically exact matches) are in the minority and are more straightforward to identify than resemblances that can range from close (e.g., phrases distinguished only by morphological variation, as in the example above) to distant (e.g., phrases similar in sound alone, as we will encounter below). Given the partial similarity of arma virumque / arma virique , it is fairly intuitive to see how sequence alignment can provide a useful and efficient means of discovering nonexact intertextual resemblances. With this aim in mind, we have developed an intertextual search tool based on sequence alignment, a sort of "BLAST for literature". The tool, called Fīlum ("string" in Latin), takes as inputs a query phrase and target corpus, and then generates a list of phrases in the corpus whose edit distance from the query is below a userspecified cutoff. Although sequence alignment has been used for textual comparison before, it has been employed at the level of word rather than character (Olsen et al. , 2010) . Using characterbycharacter alignment, however, enables the detection of phrases that are only partly similar, thereby offering a significant advantage in identifying nonexact parallels of potential literary interest.
Case Study 1: Classical Latin Epic
The project's first major publication has recently appeared in a special issue of the Classics journal Dictynna devoted to Latin epic poetry of the Flavian period (AD 6996), an important focal point for our project and for the broader study of Roman literature (Chaudhuri et al ., 2015) . The survival of a cluster of texts from the same genre and time period affords literary critics a rare opportunity to see intertextuality at work among closely affiliated epic poems and their principal canonical models. The Dictynna article introduces the method of sequence alignment for intertextual search, taking as a case study the intertextuality between Silius Italicus' Punica (a Flavian epic about the Hannibalic or Second Punic War) and its two main models, the Aeneid and Livy's prose history of Rome. The article compares sequence alignment with other computational methods of intertextual search and examines a series of computationally identified parallels that have not been discussed in commentaries or other scholarship.
Classicists have benefited from the availability of multiple computational tools to aid intertextual search. Two wellknown examples include Diogenes, a word search tool that has long been an integral component of the philologist's toolkit, and the core tool designed by the Tesserae Project, an innovative approach to find repeated twoword phrases between pairs of texts (Coffee et al. , 2013) . We envision sequence alignment as a useful complement to Diogenes and Tesserae, which can effectively identify words in common across one or more texts. The facility of both tools to capture morphological variants results in an improved signaltonoise ratio in comparison to sequence alignment's intentionally more indiscriminate method. The great success of Tesserae, for instance, was demonstrated in a 2012 study that reported a systematic tracing of the reuse of Vergil's Aeneid in Lucan's epic Pharsalia (Coffee et al. , 2012) .
One particular strength of sequence alignment is well illustrated by an example discovered in the course of testing our tool, which likewise is drawn from the Aeneid and Pharsalia . We searched for parallels to the query commune nefas ("collective crime"), a key phrase in the opening of the Pharsalia . Searching a corpus of five epics and ten tragedies at a cutoff of 3 yields 11 results, of which the two most interesting are commune nefas (i.e., the identical phrase) in a tragedy by Seneca, Lucan's uncle, and immane nefas ("immense crime") in the Aeneid . Lucan is known to have used both sources, but it is the Vergilian phrase that highlights a benefit of sequence alignment. The words commune and immane are similar in sound alone, but attention to the context of each phrase suggests that Lucan is deliberately alluding to Vergil, as well as Seneca, in his diction. Attempting to search for the common word nefas in the same corpus generates 256 instances, which illustrates the advantage of using sequence alignment to identify a manageable but still interesting set of possible intertexts. Finally, we note that the Vergilian intertext is not amenable to discovery using the Tesserae method, since the phrases have in common only one, not two, words. One strength of sequence alignment is thus the identification of parallels sharing common sounds, whether morphological endings or more general phonetic resemblances, which helps to fill out the profile of creative variation across texts.
Case Study 2: NeoLatin Tragedy
The value of computational searches is particularly great in the case of less wellknown corpora that do not have the extensive critical resources available for most classical literature. The neoLatin works of early modernity, for instance, represent a large and important body of material that remains understudied and lacks the detailed intertextual characterizations scholars have produced for Vergil and other classical writers. Computational searches for intertextuality provide a rapid and straightforward means to arrive at a picture of a neoLatin text's connections to ancient or other postclassical texts. In this way, techniques such as sequence alignment can not only aid the research of neoLatin specialists, but also open the door to classicists wishing to explore new areas of Latin literature.
To illustrate the potential usefulness of the tool for the study of noncanonical, especially neoLatin, material, we searched a sample of the Progne , a 15th century tragedy by Gregorio Correr. The sample consisted of the play's 67line first speech, which we profiled using queries drawn from Seneca's Thyestes . Correr explicitly cites the Thyestes as a model for his composition, a relationship corroborated by substantial intertextual connections. Many of these imitations are so close as to require little more than exact word searches, but one instance stands out for exemplifying a particular strength of sequence alignment. The query durus umbrarum arbiter ( Thyestes 14) yields the result dira Furiarum agmina ( Progne 9) at an edit distance of 12. Not a single word or precise meaning is shared between the two phrases, either in etymology or in semantics, and yet the phrases are clearly phonetically and rhythmically similar. Moreover, the immediate context around both phrases shows several exact word matches that confirm Correr's close imitation of Seneca. The result is a notable instance of phrases that are intertextual despite sharing no words in common. In contrast, the previous example taken from Lucan involves one word ( nefas ) shared between phrases, which means that the intertext could in principle be discovered using a "brute force" method of simply examining every instance of the relevant word in the search corpus. The Correr example, however, illustrates how sequence alignment can discover soundbased intertexts even where the absence of shared vocabulary practically eliminates even brute force methods of searching.
Conclusion
The contrasting methodologies underlying the various tools used for intertextual search allow for the capture of a broad range of comparanda and, as a consequence, a similarly broad range of analyses. That combination of multiple forms of intertextual search, analysis, and interpretation puts the scholar of Latin literature in an unusually good position to answer both microscopic and macroscopic questions about a text and its relationships to other texts. This computationally and criticallyinformed approach represents, in our view, a plausible model of what most Latin literary scholarship of the future will look like. The application of sequence alignment to intertextuality also exemplifies the dual contribution that biology can make to literary criticism as a rich source for advanced computational methods that work equally well for genomes and natural language texts, and as a framework for understanding the vast networks uncovered by intertextual study.
